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in LArTPCsat ICARUS 
and SBN



ICARUS and SBN at Fermilab
ÁICARUS is the Far Detector in the Short Baseline Neutrino (SBN) Program

ÁSBN program physics:
ÁeV-scale sterile neutrino search

ÁGeV-scale neutrino cross section measurements

ÁSingle Detector BSM physics searches
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ICARUS MicroBooNE SBND

ICARUS

3 Liquid-Argon-Time-Projection-Chamber (LArTPC) Detectors
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Neutrino Images from the ICARUS LArTPC

Each image is from one TPC 
inside each cryostat

https://news.fnal.gov/2021/05/icarus-gets-ready-to-fly
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ICARUS: A Liquid Argon Time Projection Chamber (LArTPC)
What measurements can you do with
charge calorimetry in a LArTPC?

A LArTPCis a calorimeter for measuring 
charged particles produced in ’interactions

NuMIData
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Using Charge at DUNE: Low Energy Electrons
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Physics goals for DUNE include a variety of signatures from low energy electrons,
which would apply calorimetric energy measurements.



How Well Can We 
Calibrate LArTPCs?
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ÁIn LArTPCexperiments, depositions from cosmic muons are used as a 
άǎǘŀƴŘŀǊŘ ŎŀƴŘƭŜέ ǘƻ ŎŀƭƛōǊŀǘŜ ǘƘŜ ŜƴŜǊƎȅ ǎŎŀƭŜ

Cosmic Muons as a Standard Candle

ICARUS Data

Stopping
Cosmic ‘

ÁThe known profile of charge depositions along a 
muon is used to measure channel gain to obtain the 
calorimetric energy scale 

Calorimetric Energy:
Q [ADC] -> Q [Ὡ ] -> E 

Gain
Calibration

External
Measurement

(Recombination)



ÁIn LArTPCexperiments, depositions from cosmic muons are used as a 
άǎǘŀƴŘŀǊŘ ŎŀƴŘƭŜέ ǘƻ ŎŀƭƛōǊŀǘŜ ǘƘŜ ŜƴŜǊƎȅ ǎŎŀƭŜ

ÁThe predicted ionization per length of a cosmic muon combines the Bethe-
Bloch energy loss with a recombination model to map energy to charge

GRAY PUTNAM           UNIVERSITY OF CHICAGO 8

How well do we know the most-probable from a 

1GeV muon deposition with 1ms of drift time?

ArgoNeuT Collab, JINST (2013)

Recombination model: 

ICRU 37, plus uncertainty from GArv. LAr

Source CV with Uncertainty Percent Impact 
on dQ/dx

Recombination Modeling ‌ πȢωσπȢπς,
‍ πȢςρςπȢππρ

3.8

Mean Excitation Energy) ρψψρχeV 1.0

Transverse Diffusion (Ὀ ) ψȢψ τȢτcm2/s 1.0

Accuracy of Energy Measurements

Extrapolation from longitudinal diffusion
through Wannierrelation
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ArgoNeuT Collab, JINST (2013)

Recombination model: 

ICRU 37, plus uncertainty from GArv. LAr

Extrapolation from longitudinal diffusion
through Wannierrelation

Accuracy of Energy Measurements
ÁIn LArTPCexperiments, depositions from cosmic muons are used as a 
άǎǘŀƴŘŀǊŘ ŎŀƴŘƭŜέ ǘƻ ŎŀƭƛōǊŀǘŜ ǘƘŜ ŜƴŜǊƎȅ ǎŎŀƭŜ

ÁThe predicted ionization per length of a cosmic muon combines the Bethe-
Bloch energy loss with a recombination model to map energy to charge

How well do we know the most-probable from a 

1GeV muon deposition with 1ms of drift time?



The Landau Energy Loss Distribution Depends on Wire Thickness

ÅThe distribution of energy loss is a 
Landau distribution

ÅThe peak of a Landau distribution has 
a dependence on the length of the 
particle observed by the wire

ÅAs the thickness goes up, the most-
probable-value (MPV) of energy loss goes 
up
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Diffusion Changes the Thickness!
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ÅDiffusion transverse to the drift direction (and the wire direction) thickens the length 
of the muon that each wire is sensitive to ςthis changes the MPV energy loss

w(x): weight function
which gives a weight 
to how much ionization
charge a wire will see at
each point along the 
muon trajectory.

From: G Putnam and 
D Schmitz 
(arxiv: 2205.06745) „ ЍςὈὸ

„



Energy Scale Calibration 
at ICARUS
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Energy Scale Calibration Procedure

ÁStep 1: normalizethe detector response in the drift direction
ÁThis removes detector effects such as argon impurities which attenuate the signal

ÁStep 2: calibratethe energy scale
ÁExamination of the systematic uncertainties and results at ICARUS

ÁFor both steps, we have devised a procedure which addresses possible biases 
from diffusion
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Normalizing the Drift Direction Detector Response
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ÅImpurities in the argon attenuate ionization electrons as a function of drift time 

ÅTo remove this effect: look at dQ/dx from cosmic muons, make it flat across the 
detector ὸ

ὸ

ὸ



ÁDiffusion changes the underlying dE/dx of muon 
depositions across the drift direction

ÁWe can remove this effect by coarse-graining the 
detector
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Drift Direction Response Normalization with Diffusion

10 Wire (coarse-grained)
measurement

1 Wire (hit-by-hit)
measurement

ICARUS Monte Carlo

Underlying dE/dx 
changes across drift

Flat dE/dx

PRELIMINARY



ÁDiffusion changes the underlying dE/dx of muon 
depositions across the drift direction

ÁWe can remove this effect by coarse-graining the 
detector
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The difference in 
thickness (and 
thus dE/dx) 
narrows across 
the drift.

ICARUS Commissioning Data

PRELIMINARY

PRELIMINARY

Drift Direction Response Normalization with 
Diffusion



Energy Scale Calibration Procedure
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ÅAfter normalizing detector response, we calibrate the energy scale by fitting 
to the dQ/dx profile of stopping cosmic muons

ÅBin hits in terms of: residual-range (momentum),                                              
track angle, and drift time ὙὙȟὴȟὸ

ὙὙȟὴȟὸ
Calibration

ὙὙȟὴȟὸ

Binning hits by residual-range (to 
obtain momentum) and 
thickness selects for a single peak 
dE/dx to calibrate to.

ICARUS Data

Stopping
Cosmic ‘

Bragg
Peak

Michel e



Example dQ/dx Profile Data
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TPC Enumeration:

Cryo. EastCryo. West

TPC
WW

TPC
WE

TPC
EW

TPC
EE

ÁFit across all drift bins, with a separate 
Ǝŀƛƴ ƛƴ ŜŀŎƘ ¢t/ ŀƴŘ άǇǳƭƭǎέ ŦƻǊ 
systematics

ICARUS 
Commissioning 
Data

TPC WE

PRELIMINARY

Gain: 85.3 2.0 Ὡ /ADC  
PRELIMINARY

Gain: 85.3 2.0 Ὡ /ADC  

PRELIMINARY

Gain: 85.3 2.0 Ὡ /ADC  


